We investigate laser treatment regimes suitable for the fabrication of the isolated cells in a porous silica glass and a sol-gel film. Three-dimensional structures are produced as a result of the porous glass densification induced by femtosecond laser pulses. We also demonstrate that CO2 laser can be used to form such structures in the sol-gel film deposited on the glass. In the porous glass, barriers with various permeability were created, which were used as walls in fluid cells. Laserinduced microrelief formation on the surface of the sol-gel film provides isolation for the separated porous cells. The impermeability of porous cells is tested by impregnation them with different dyes (rhodamine 6G, fuchsine, etc.).
Introduction
Nowadays, porous silica glass is of a great interest as a solid-state medium for various agents in microfluidics and analytics devices [1] . Functional elements for photonics are fabricated by using a porous glass (PG) or a sol-gel (SG) impregnated with various organic agents [2] , salts [3] and metal nanoparticles [4] . Operating principle of such elements is based on the effect of plasmon resonance [5] , fluorescence [6] , photoelectric and magnetic nanoparticle properties, as well as photochemical reactions [7] . Laser processing of PG and SG allows the formation of various submicron and nanoscale structures by localized control the density of the porous medium. There are several advantages of the PG, among which their transparency in visible and near IR ranges, chemical and biological durability and the simplicity of impregnating them with various liquid agents. Despite their attractive properties, these materials are still not commonly used in many applications because of the difficulty in their processing. Previous studies have already revealed major mechanisms of femtosecond laser irradiation of PG and fabrication of complex three-dimensional fluidic systems composed of hollow micro-and nanostructures [8, 9] . However, there is no any attempt to fabricate of monolitic structures (in view of densified trcks) for the entire thickness of the sample. Thus, the need for local control over medium porosity, meaning the separation into independent porous cells via fabrication of through barrier, is a topical issue. The solution to this problem will allow the application of PG and SG for integral systems and multifunctional (multileveled) sensors fabrication [7] . In this work, different methods of laser-induced formation of insulating barriers in porous materials are presented. A combination of two techniques has allowed us to fabricate a monolithic densified structure, which divides porous glass in independent cells. The application of CO2 laser is not enough because the absorption mechanism allows us to change density only on the surface or at a pre-surface layer. That is why femtosecond laser pulses have been used in the experiments to achieve an inner densification of the porous glass. The advantage of the CO2 laser is that it can easily induce surface densification, whereas femtosecond laser pulses often damage surface layer. The limitation of the CO2 laser is that it cannot be used for inner densification of the sample.
In case of sol-gel only CO2-laser irradiation is applied to fabricate hydrophobic relief. As for PG, the fabrication of through barrier is performed by combination of femtosecond laser irradiation for inner densification and CO2-laser irradiation for surface densification of the barrier.
The tests of fabricated structures show that each cell surrounded by the barriers can operate independently.
Experiments and Methods
In this work two types of porous matrices: PG with a thickness of 1.5 mm, average pore size ~ 4 nm, porosity 28 % and SG with a thickness of 180 nm, average pore size ~ 7.5 nm, porosity 10% are used. PG is fabricated by DOI: 10.2961/jlmn.2018.03.0008 through etching of sodium borosilicate glass [10] . SG is produced by sol-gel synthesis and dip coated on soda-limesilica glass substrate (see [11] ). These porous medium possess high transparency (~ 90%) in the visible and near IR ranges (0.4 -1.1 μm), and the average refraction index n is about 1.34 in the visible spectral range.
The fabrication of hydrophobic relief containing liquid on the surface of SG and surface densification of PG were carried out using CO2-laser irradiation, which is strongly absorbed by SiO2 bonds. In the experimental setup, CO2 laser beam (ТЕМ00, D = 3.5 mm, θ = 4.0 mrad) was focused on the surface of the target by a Ge-objective with a focal length F = 25 mm. Irradiation was conducted in repetitively-pulsed laser scanning regime (τ = 200 µs, f = 1/τ).
Localized modification of PG structure was carried out by ultrashort laser pulses. The method description and experimental details are given in Ref. [12] . An objective (10Х, 0.25) focused the laser beam into the focal spot of 2ω0 ∼ 3.5 μm in 1/e-diameter. Densification means pore collapse in the focusing region of the laser beam. Stairstep order of densified lines in the whole width of the PG plate allowed the organization of a wall, or a so-called "barrier". The permeability of the barrier was controlled by the step between densified lines. The organization of porous cells in used porous matrices was provided by orthogonal positioning of the barriers. Then, the produced cells were impregnated by rhodamine 6G and different salts solutions in order to test their impermeability.
The fabricated microstructures were examined by optical microscopy (Carl Zeiss) in the transmitted and reflected light. The microrelief depth was measured via profilometry (Hommel Tester T8000). Additionally, nanostructures formed in the porous glass were also investigated by scanning electronic microscopy (SEM Carl Zeiss Merlin).
3.
Results and discussion
Insulating barriers in SG under CO2-laser action
The fabrication of insulated barriers in SG were performed by CO2 laser irradiation with a laser beam radius of ω0 = 26.5 µm ( fig. 1 a,b) . The obtained results demonstrate a microrelief with complex shape ( fig. 1 c) characterized by different depth and width was formed as a result of direct laser writing at the different scanning speed υ = 100 -700 µm/s and laser power in the range of P = 100 -400 mW ( fig. 1 a,c) .
CO2 laser irradiation is absorbed mainly by the glass substrate due to the small thickness of SG (180 nm). Thus, the appearance of the relief in the SG surface is related to the laser-induced heating and modification of the substrate. The absorption of SG and substrate can be estimated via Beer-Lambert law taking into account the Fresnel reflection for the normal incidence of laser beam [13] as follows:
where n1/2 and κ1/2 are refractive and absorption indices for the first (SG) (n1 = 1.96, k1 = 0.08) and the second (substrate) (n2 = 1.97, k2 = 0.31) media, λ = 10.6 µm is laser wavelength, z -the depth.
Therefore, the contribution of SG absorption is only Af ~ 3% and the proportion of reflected irradiation Rf ~ 12% for the films with thickness << λ. The reflection on the film-substrate interface is negligibly small due to insignificant difference of refractive indices between two media (Δn = 0.01). Thus, the contribution of the substrate absorption is A s ~ 85%. Considering the optical losses in SG the penetration depth of CO2 laser radiation in the substrate (for intensity level 1/e) is estimated according to the equation [14] :
The average light penetration depth in the substrate is δ = 1.45 µm including light passing through two media ( fig.  1d) , which is less than the diameter of the laser beam (2ω0 >> δ). In case of laser-induced modification of SG the difference between the temperature of the SiO2 film densification T d ~ 750 ºC [15] and the softening temperature of the substrate (Ts ~ 550 ºC) [16] is essential. Moreover, thermal expansion coefficients for the materials are different and equal to αf = 0.55 ·10 -6 K -1 for SG and αs = 9.10·10 -6 K -1 for substrate.
CO2 laser irradiation leads to formation of the softened area in glass with depth of dth = δ+2(aτ) 0.5 = 11.4 µm and width of 2ω0+2(aτ) 0.5 = 73 µm, where a is thermal diffusivity, τ is pulse duration. Thermal expansion causes the material surface to rise. In addition, high temperature gradients force the material redeployment from the center of laser irradiated area to its periphery, where the temperature is significantly lower.
To estimate the temperature distribution in the laser affected zone the heat equation for linearly moving heat source is applied [17] .
To solve the equation the following assumptions are taken into account:
-thermal conductivity ks = 1. 
The microrelief was fabricated at laser power density range q from 7.7 to 10.3 kW/cm 2 .The laser scanning speed υ was varied from 100 to 700 µm/s. An increased power density (> 12.5 kW/cm 2 ) led to the glass destruction. The temperature was estimated in 4 different points: in the center of the laser spot on the surface; in the maximum of the relief at ω01 from the center on the surface; at the periphery of the laser track dth on the surface; and in the center of laser spot at a depth of ω01. Results of estimation are presented in table 1. The temperature region corresponding to the softening of soda-lime glass is highlighted by purple and the blue regions highlighted show the temperature of viscous flow. Note that for red region the temperature increase leads to the destruction of the material. The temperature gradient along OY which is dT/dy = [T(0,0,0) -T(0,ω01,0)]/ω01, is estimated using table 1. The barriers fabrication is accompanied by the gradient values of 40-50 ºС/µm ( fig. 2) . Further increasing of heating rate up to 60 ºС/µm was related to the material destruction. The temperature gradient along OZ dT/dz = [T(0,0,0) -T(0,0,hth)]/hth in case of barriers formation was 60 -80 ºС/µm and destruction occurs at dT/dz = 100 ºС/µm. Fig. 2 Modeling of temperature distribution in soda-lime glass substrate irradiated by CO2 laser (q = 7.7 kW/cm 2 , υ = 100 µm/s). Note that the presence of SG is neglected due to its small thickness.
Modification of SG on the soda-lime glass substrate is related not to only temperature distribution but to time of heat action t = 2ω0/υ. This value is maximal for υ = 100 µm/s and reaches 1.37 s. The temperature increase rate in the center of softened area dT/dt = T(0,0,hth)/tmax is estimated of 700 -940 ºС/s during fabrication process. In case of material destruction this value is 1140 ºС/s . Therefore, the intensive local laser heating initiates the appearance of rather high structures (up to 3-4 µm). Such a relief make it possible to isolate the porous cell which can be used for integral soaking ( fig. 1 b,c) .
To test the resulting barriers, a drop of Cu(NO3)2 of about 2 µl was placed into the cell ( fig. 3 ). Such fluid volume is enough to soak porous media within one cell. The barriers can hold the drop for relatively long time (until the drop dries up) thus the integral impregnation of the material can be implemented. 
Barriers with controlled permeability fabrication in PG
Barriers were fabricated in PG in two stages ( fig. 4 ). The inner modification means that a local pore collapse occurred after the multiphoton absorption of ultrashort laser pulses. High repetition rate (up to 0.5 MHz) provides the effect of heat accumulation in the beam waist region, providing a monolithic densification of the PG in the form of a line (fig. 4 a) . However, the height of such structure is equal to h = 100 -150 μm and restricted by the focusing system.
Due to difficulties of ultrashort laser pulses machining in the border glass-air (scratches and cracks are occur), the following surface densification in the region of the formed inner barrier was accomplished by CO2 laser irradiation ( fig.  4 a) , that led to glass heating, viscosity fluctuation and pore collapsing. CO2-laser processing was carried out at a beam diameter ~75 μm, scanning speed of 200 μm/s and a power of incident radiation 400 mW. The densification was carried out at power density ~ 2.1 kW/cm 2 ( fig. 4 b) . The penetration depth of CO2 laser radiation was estimated by using the expression (2) that gives δ = 1.6 μm. However, taking into account the thermal diffusivity apg = 0.5·10 -6 m 2 /s, the height turned out to be equal to 166 μm. As a result of laser treatment, the density of material was locally changed from ρ1 = 1644 kg/m 3 up to the density of fused silica ρ2 = 2211 kg/m 3 [18] . Thus, a monolithic densified track (pore collapse can be seen in fig. 4 b) was formed on PG surface, its height was enough to be in a contact with inner densification (fig. 4 c) , that ensuring the integrity of the barrier. In our study, the fabricated barrier can be used as a separator of molecules in a water solution of rhodamine 6G, providing separation of rhodamine molecules (large in mass and size) from water molecules. A few porous cells were fabricated in PG plate via orthogonal barriers displacement ( fig. 4 e) . The porous cell was soaked in water solution of rhodamine 6G for 10-15 minutes ( fig. 5 a) to fill the cell and test the permeability of the barrier. It can be clearly seen that rhodamine molecules were constrained by prescribed barriers, but at the same time, water molecules easily leaked through it ( fig. 5 b) . 
Conclusions
In this work the features of laser modification mechanism of SG were considered. Conditions for laser processing of SG by CO2 laser radiation are determined. An estimation of the temperature fields providing a modification of the SG structure was carried out.
CO2 laser processing of SG was applied for fabrication of impenetrable barriers. The orthogonal displacement of such barriers allowed to organize isolated porous cells. Сells soaking confirmed their impenetrability.
Ultrashort laser pulses with following CO2 laser irradiation of PG plate were applied for barriers fabrication in PG. The permeability of the barrier was controlled by the step between inner densified lines. The barriers showed partial impermeability upon separation of the organic dye.
